Background: Alkalinizing agents reverse cardiotoxicity of a variety of sodium channel blockers, including tricyclic antidepressants, but their mechanisms of action are poorly understood. Purpose: To establish the mechanisms by which alkalinization diminishes the sodium channel blocking action of imipramine. Methods: The whole-cell voltage-clamp technique was used to measure I during a Intracellular alkalosis has a particularly important effect related to the activated-state interaction. The lipid-soluble, uncharged moiety appears to be a critical determinant of imipramine's ability to dissociate from the Na q channel receptor. q 1998 Elsevier Science B.V. All rights reserved.
Introduction
Ž . Imipramine Tofranil , a widely-used antidepressant w x drug 1 , also has class 1a antiarrhythmic drug properties w x 2 . Overdose with tricyclic antidepressants causes cardiotoxic manifestations largely due to sodium channel w x blockade 3-5 , which can be lethal. For severely poisoned patients, the most widely advocated therapy is the use of w x alkalinizing sodium salts 6-8 , but the mechanism of action of sodium salt therapy is still poorly understood.
In a recent study, we found that the depressant effects Ž . of imipramine 5 mM on maximum phase 0 upstroke ) Corresponding author. Research Center, Montreal Heart Institute, 5000 Belanger Street East, Montreal, Quebec, Canada H1T 1C8. antagonized to a similar extent by increases in bicarbonate and sodium bicarbonate concentration, but not by increases w x in sodium concentration alone 9,10 , suggesting that alkalinization is the principal mechanism by which sodium bicarbonate antagonizes imipramine effects. The molecular mechanisms by which pH change modulates the effect of imipramine on I have not been assessed. The present Na study was conducted to evaluate the mechanisms of the attenuation of imipramine-induced I blockade by in-
Methods

Cell isolation
Experiments were performed on isolated human atrial myocytes. Specimens were obtained from the apex of the right atrial appendage of the hearts of patients undergoing aortocoronary bypass surgery, with the approval of the Ethics Committee of the Montreal Heart Institute. None of the patients had a history of supraventricular arrhythmias. All atrial specimens were grossly normal at the time of excision. Upon excision, samples were immersed in nomi- 0.33, dextrose 10, and HEPES 10; pH adjusted to 7.4 with NaOH.
The methods for cell isolation have previously been w x described in detail 11 . Tissue samples were chopped into cubic chunks, placed in Ca 2q -free Tyrode solution bubbled with 100% O and stirred with a magnetic bar. After 5 2 min, they were reincubated in a similar solution containing Ž collagenase 150-300 unitsrml, type II, Worthington . Ž Biochem., Freehold, NJ and protease 1.6 unitsrml, type . XXIV, Sigma Chemical, St. Louis, MO . The first supernatant was discarded after 45 min. The chunks were reincubated in a protease-free fresh enzyme-containing solution. When cell yield was maximal, the chunks were hydroxybutyric acid 10, taurine 10, EGTA 10, and 1% albumin; pH adjusted to 7.4 with KOH and gently pipetted. Only quiescent rod-shaped cells with a well-delineated cell membrane and clear cross-striations were used. Small cells were selected to optimize spacial voltage control.
Recording techniques
An aliquot of the cell-containing solution was placed in a 1-ml bath on the stage of an inverted microscope. After cell adhesion to the bath, cells were superfused at 2 Ž . mlrmin with a solution containing mM : NaCl 10, MgCl 2 1. Ž . ence of drug 1 or 5 mM imipramine at the same pH values. The pH values for study were selected to mimic the pH range observed in clinical imipramine intoxication w x before and after alkalinizing therapy 7,8 . The drug concentrations studied were selected to mimic the high end of Ž . the therapeutic range 1 mM and the concentration range Ž at which cardiovascular toxicity becomes prominent 5
. w x mM 5 .
Data analysis
A detailed treatment of the theoretical analysis is given in the Appendix. A three-state binding model was used to assess interactions with activated, inactivated, and rested channels. Mathematical expressions for the derivation of binding and unbinding rates were based on a piecewise w x exponential model 12,13 . Linear regression analysis was used to calculate the slope and the Y-intercept for each dependence as predicted by equation 4 in the Appendix. The precision of the slope and the Y-intercept was characterized by their standard errors that delineate 95% confidence intervals. These errors were used to determine standard deviations for the calculated rate constants.
Statistical analysis and curÕe fitting
Data are expressed as the mean " s.d. unless otherwise stated. Analysis of variance with a Scheffe range test waś used for multiple comparisons. A value of P -0.05 was taken to indicate statistical significance. Marquardt's procedure was used for non-linear curve fitting of experimental data. statistically significant difference was detected between mean currents at any voltage. The threshold for I activaNa tion was y65 mV, the maximal peak current was between y30 and y35 mV, and the reversal potential estimated by extrapolating the ascending limb of the average current voltage-relationship was close to 0 mV as expected for symmetrical sodium concentrations. Recordings used to study the voltage dependence of inactivation are illustrated in Fig. 1C , and corresponding mean data are shown in Fig. 1D . Under control conditions, no significant differences in the inactivation curves at Ž . NORM, ALK and ALK were noted Table 1 . There was e i a time-dependent inactivation shift with a similar rate for all three conditions, which was greatest initially, and slowed substantially 15 min after membrane rupture. At least 20 min were allowed for stabilization prior to obtaining data. To minimize the influence of time-dependent voltage shifts, we performed protocols in a constant order and as soon as possible after stable drug effects were Ž . obtained maximum of 7 min . The response to a standard pulse to y30 mV was monitored before and after each experimental protocol, and data discarded if I changed Na by G 10%. 
Results
Properties of human atrial I Na
Ž . Ž . Ž .higher concentration. In the presence of 1 mM imipramine, tonic block on the first pulse after 90 s at the HP was small Ž and equivalent for all conditions 4.3 " 3.3% for NORM, n s 9; 3.5 " 3.4% for ALK , n s 7; 3.1 " 3.2% for ALK , e i . n s 8 . At 5 mM imipramine, tonic block was significantly Ž . reduced by both ALK and ALK
Modulation of drug effects on the Õoltage dependence of actiÕation and aÕailability
Imipramine caused a hyperpolarizing shift of both the activation and availability curves, indicating a probable interaction with the open and the inactivated state respectively. The shift of the steady-state availability curve following exposure to 5 mM imipramine was significantly Ž . attenuated by both ALK and ALK Table 2 . The e i imipramine-induced shift in the activation curve was affected differently by intracellular compared to extracellular alkalosis: the hyperpolarizing shift induced by imipramine was increased by ALK and reduced by ALK . Slope e i factors for availability and activation curves were unaffected by pH change.
Effects of pH change on sodium current recoÕery in the absence and presence of imipramine
Recovery of I was studied with the use of the protocol Na shown in the inset of Fig. 3 . In the presence of 5 mM imipramine recovery was slowed, to a greater extent under Ž . Ž . Ž NORM Fig. 3D than at ALK Fig. 3E and ALK Fig.   e i . 3F . Recovery data were well-fitted by monoexponential Ž . relations Fig. 3 , bottom . In the absence of drug, recovery was not affected by changes in pH over the range studied Ž . Table 1 . In the presence of imipramine, both extracellular and intracellular alkalosis significantly accelerated recov-Ž . ery Table 2 . interpulse intervals is illustrated in panels G-I. Block onset becomes progressively more rapid and steady-state Ž . block decreases as the interpulse interval rested time increases.
Effect of pH alteration on kinetics of use-dependent block and calculation of binding and unbinding rates
To vary inactivated time, the interpulse interval was Ž fixed at 200 ms long enough to assure recovery of un-. blocked channels , and pulse duration for each train varied Ž . from 2 to 200 ms. Fig. 5 top panels shows recordings of I for pulses 1, 3, 5, 10, 20, 30 and 40 of trains with the Na pulse durations indicated. I was constant for trains of Na different pulse width under control conditions, but in the presence of imipramine, use-dependent block developed at different rates and to different levels of steady-state inhibition depending on pulse width. Block onset was an exponential function of pulse number at each pulse width, with pulse onset faster and steady-state block greater as pulse Ž . width increased bottom .
As described in the Appendix, kinetic analysis of the type of data obtained in Figs 
Discussion
In the present study, we evaluated the alterations in imipramine effects on I caused by alkalinization at Na clinically-relevant pH values and drug concentrations. The results show that intracellular alkalosis is more effective in reducing I blockade than extracellular alkalosis. Whereas Na both intracellular and extracellular alkalosis antagonize the interaction between imipramine and inactivated channels, only intracellular alkalosis reduces drug interactions with activated channels.
Comparison with preÕious studies of imipramine's sodium channel blocking action
There are no previously published studies regarding the effect of ph change on imipramine-induced i blockade. . vated state, similar to the value 0.55 mM that we obw x tained. Ogata and Narahashi 23 reported an 18 " 2 mV shift in the inactivation curve with 5 mM imipramine, compared to our observed value of 9.4 " 2.4 mV. Barber w x Ž . et al. 24 found that extracellular but not intracellular alkalosis accelerates the time constant of amitryptiline-induced I block from about 14 to 4 s. The details of pH Na modulation of amitryptiline's state-dependent effects were not explored in that study.
State-dependent interactions of imipramine with cardiac sodium channels
The piecewise exponential formulation allows for the determination of kinetic constants characterizing the drugw x channel interaction 12,13,25 . This approach has generally been applied to two-state models, which require that the blocking drug have negligible interactions with one of the three classical sodium channel states. A three-state analysis w x has only been applied in two previous studies 26, 27 , and has not previously been used to analyze pH-dependent drug-channel interactions. Unlike previous more limited w x studies of imipramine 22,23 , our results indicate that the open-state interaction is significant, and that in fact the K d for the activated state is in the same range as for the Ž . inactivated state Table 3 .
Comparison with preÕious studies of pH modulation of the effects of cardiac sodium channel blockers
We did not observe significant changes in I recovery Na or voltage dependence when extracellular pH was increased from 7.3 to 7.6 under control conditions. Previous studies have suggested small and variable changes in I Na w x properties over the pH range we examined 28-30 . De- 29 and w x W6211 33 . Recent work has suggested that increases in pH can augment a slowly developing component of block w x w x in the presence of disopyramide 34 , lidocaine 34 and w x mexiletine 35 . We did not observe a biexponential onset of imipramine block during pulse trains in the present experiments. Little information is available regarding differences between extracellular and intracellular pH effects on drug-I interactions. Nettleton and Wang found that Na increased extracellular pH decreases, while increased intracellular pH increases, the K for cocaine block of Na q d w x channels in lipid bilayers 36 . These results resemble ours, in that we found intracellular alkalosis to be much more effective in antagonizing the actions of imipramine.
Mechanisms of pH effect on imipramine binding
We found that ALK and ALK produced qualitatively e i similar changes in the inactivated state interaction, as Ž . indicated by shifts in the availability curve Table 2 and Ž . alterations in kinetic constants Table 3 . On the other hand, intracellular alkalosis reduced activated-state block more effectively than extracellular alkalosis. Extracellular alkalosis increased the binding and unbinding rates to the Ž . activated state to a comparable extent Table 3 , leaving the overall K unchanged, while intracellular alkalosis d greatly increased the unbinding rate of activated channels while slightly decreasing the binding rate. Since alkalosis increases the non-ionized fraction of the drug, these results are compatible with the concept that imipramine binding to the activated Na q channel is determined by the access of uncharged drug from the extracellular side, while the unbinding rate is determined by a hydrophobic pathway on w x the intracellular side 37 . The similar effects of intracellular and extracellular alkalosis on interactions with the inactivated state suggest that unbinding from this state can occur via a hydrophobic pathway at the intracellular or extracellular side of the channel.
Potential significance
We found that intracellular alkalosis is more effective than extracellular alkalosis in reversing imipramine effects on I . Interventions which alter pH have varying effects Na e on pH , with changes in bicarbonate concentration being i less effective in altering pH than changes in extracellular i w x CO content 38 . Both sodium bicarbonate administration 2 w x w x 7,8 and hyperventilation 39 have been used to treat cardiotoxicity caused by tricyclic antidepressants. Our findings raise the possibility that the efficacy of these interventions may depend more on their ability to alter pH i than on changes in pH as reflected by standard arterial e blood gas measurements. Furthermore, acute myocardial ischemia causes greater changes in pH than pH , because i e intracellular acidosis is the direct result of anaerobic w x metabolism caused by myocardial ischemia 38,40 . Consequently, our finding that intracellular pH change can modulate drug-induced I blockade differently from exNa tracellular pH change may have important potential implications for antiarrhythmic drug action on the acutely ischemic myocardium.
Limitations of the model
The conditions required for accurate voltage change of I differ from conditions prevailing in vivo. In particular, Na w q x low extracellular Na and temperature are necessary to control the amplitude and activation rate of I . Table 3 , which clearly have no physical meaning. Possible explanations include the very low affinity for the rested state, resulting in a forward rate constant so close to zero that experimental error produces negative values, and biological violation of essential assumptions of the model. Extracellular and intracellular pH were assumed to be equal to pH in the bath and pipette solution respectively. This is a common and reasonable assumption, given the much greater volume of the bath and the pipette compared to the cell. Nevertheless, it is possible that the pH within the channel or in a restricted subsarcolemmal space was not controlled. This possibility is difficult to assess directly and needs to be kept in mind in interpreting our findings.
Conclusions
Alkalosis antagonizes imipramine's I inhibiting efNa fect. Whereas both intracellular and extracellular alkalosis reduce drug affinity for inactivated channels, only intracellular alkalosis reduces drug binding to activated channels, making it more effective in reversing drug-induced I block. During periodic application of voltage steps, the sodium Ž . channel moves from the resting state r through the Ž . Ž . activated state a to the inactivated state i . Since activated and inactivated states generally have a higher affinity for the drug than the resting state, the peak of the sodium current decreases with each successive pulse in an w x exponential fashion 12,13 :
I n s I q I y I P e yn l ) , 3
Ž . Ž . Ž . intervals that channels spend in each state. The overall uptake rate l ) is predicted to be a linear function of the product of the uptake rate of each state and the time the channel spends in that state. The uptake rate for each state is constant at a given drug concentration. Since sodium channels inactivate rapidly after opening, t is relatively a small and constant, and was estimated on the basis of t i under each condition as described in section 3.5. The inactivated time is well-approximated by pulse duration Ž . T , and t differs from T by the time channels are in the i i i
Ž . activated state prior to inactivation t and by the limited a time channels remain inactivated following return to the holding potential. For pulse durations G 10 ms, the resulting error is small and constant and T can therefore be used i as a surrogate for true inactivated time. Data for pulse durations -10 ms were not used in kinetic analysis. Similarly T is a close reflection of rested state time over r the range of pulse protocols used in the present study.
